Movement of poliovirus I (Chat) through nonsterile core samples of a sandy forest soil was monitored, using several regimens of loading with either dechlorinated final effluent from an operating activated sludge treatment plant or distilled water. Simulated cycles of rainfall and effluent applications, resulting in ionic gradients, were shown to affect virus movement. Such studies indicate that poliovirus applied in effluents may move considerable distances through this soil after rainfall. Survival of poliovirus in the soil at 4 and 20 C has been monitored for 84 days. During this period, the capacity of the virus to migrate is unchanged.
Disposal of domestic wastewater effluents and solids on land, a variant of ancient practices, is under intensive study as an alternative to other more commonly used disposal methods. Contributing to the current interest in land disposal are increasingly rigorous standards discouraging discharge of sewage effluents into waterways. The apparent potential of wastewater residuals for soil conditioning and possible groundwater recharge benefits also have been factors in the widespread appeal of land disposal. Finally, application of wastewater to land has been viewed by some as an additional economical treatment process in which the soil acts as a "living filter" (10) .
Some human enteric viruses in influent raw wastewater may pass through even a well-operated treatment plant to be released at low levels in treated effluent and in significant numbers in wasted sludge (12, 13) . Thus, the viral hazards of land disposal practices must be assessed.
Although percolation of virus-contaminated water through soil has not been correlated unambiguously with disease outbreaks, several occurrences of viral diseases have been attributed to contaminated groundwater (15) . Previous studies have indicated that human enteric viruses can survive for extended periods in some soil environments (8, 11) . Most investigators have reported only slight movement of viruses through soils during percolation of various liquids (4, 6, 16, 21 (20) , as in an earlier study (19) , that virus movement may be greatest after rainfall. Observations to be reported here strongly support this contention.
Adsorption of viruses to biological and nonbiological surfaces has recently been reviewed thoroughly by Bitton (2) . Adsorption of viruses to soil cannot be equated to their inactivation. Carlson et al. (3) reported reversing the adsorption of coliphage T2 and poliovirus I to clays and recovering fully infectious virus. Schaub et al. (18) and Moore et al. (14) have demonstrated retention of infectivity of some enteroviruses associated with suspended solids. Thus, virus survival and transport in the adsorbed state are factors to consider in assessing land disposal practices.
The study reported here deals with the fate of a human enteric virus, poliovirus I (Chat), when applied to a soil system in the final effluent of an operating activated sludge treatment plant.
MATERIALS AND METHOI)S
Soil cores. The soil cores were collected in a pineforested area near Bastrop, Tex. This loamy fine sand was selected because it is relatively porous and may bear some resemblance to soils in areas studied by others as possible sites for land disposal of wastewater (10) . Soil cores were collected using a sampler housing a cast acrylic cylinder measuring 19.5 cm in length and 5.6 cm in inside diameter (5) . Cores in their acrylic casings were mounted on an aluminum flex-frame and supported from beneath by paraffincoated aluminum screen.
Virus assays. Poliovirus type I (Chat) was used in this study. Stocks were prepared as described earlier (14) . Assays were carried out using 0.2-mi samples gg of Fungizone per ml. Plates then were incubated for 48 h at 37 C. After incubation, the monolayers were stained with 2% neutral red in Hanks balanced salt solution (9) for 2 to 3 h, after which plaques were counted.
Virus movement studies. Studies of poliovirus movement in the soil first compared the effects of continuous and intermittent loading of the cores with either dechlorinated final effluent from the Govalle Wastewater Treatment Plant in Austin, Tex., or distilled water. Dechlorination of effluent samples was achieved by the addition of sodium thiosulfate. Similar experiments using coliphage T7 have been reported elsewhere (5) . In these experiments the viruses were applied in 5-ml bands to all cores, except those loaded intermittently with dechlorinated final effluent. Effluents used for intermittent loading were seeded with virus before application to the columns to simulate virus application during irrigation of land with effluents. The level of poliovirus applied in these studies was about 106 plaque-forming units (PFU). Poliovirus migration during cycles of irrigation and rainfall was simulated by sequential applications of 500 ml of dechlorinated final effluent followed by either 250 ml or 500 ml of distilled water. Core eluates were collected in either 50-or 75-ml fractions. Each fraction was assayed for viral infectivity as described above.
Each core used in sequential loading experiments was presaturated with dechlorinated final effluent and then seeded with approximately 2 x 107 PFU of poliovirus I (Chat) suspended in 20 ml of dechlorinated final effluent. Alternating applications of 500 ml of dechlorinated final effluent followed by 500 ml of distilled water were repeated through up to three complete cycles. 20 min, 20 ml was added to each of 66 cores. When the inocula had soaked into the cores, they were wrapped in aluminum foil and stored at either 4 or 20 C. Control samples of the seeded effluent were maintained at both temperatures. A 20-ml sample of the seeded effluent also was clarified by centrifugation at 12,000 x g for 10 min and then assayed for poliovirus. The assay indicated that association of the virus with suspended particulates in this effluent was negligible.
Evaporation was monitored, and small amounts of distilled water were added to the cores periodically to compensate for moisture loss. At intervals, three cores maintained at each temperature were removed to the laboratory at room temperature and 250 ml of distilled water was passed through each. Eluate volumes were recorded for later calculations of total PFU eluted. After elution, the cores were dismantled and cut in half longitudinally, and 5-g samples from the center of cores were taken at the top centimeter and at the 10-cm depth. Poliovirus was eluted from each soil sample in 10 ml of tryptose phosphate broth as described previously. Samples were assayed within 24 h after collection.
RESULTS
Initial experiments demonstrate that poliovirus retention in cores is greater when eluting with dechlorinated final effluent than with distilled water. Figure 1 shows results obtained using continuous elution. Using dechlorinated final effluent, negligible poliovirus breakthrough is seen. Eluting with distilled water typically results in virus breakthrough at levels within the limits defined by the two cores shown in this figure.
Retention of poliovirus in the soil was enhanced by using intermittent rather than continuous elution. Using dechlorinated final effluent as eluent, no eluted virus was detected during 36 h of applications of 30-ml volumes at 4-h intervals. Intermittent elution with distilled water is illustrated in Fig. 2 . Only about 0.5% of the virus applied had been eluted at the end of this experiment. Similar experiments using coliphage T7 showed greatly enhanced virus retention with intermittent loading (5) . Chemical data relevant to both intermittent and continuous loading are shown in Table 1 . Improvement is seen in effluent quality after effluent passage through the cores with both regimens, but the greater improvement occurs with intermittent loading.
The enhanced elution of poliovirus observed using distilled water rather than final effluent as eluent suggested that rainfall after irrigation could well be a greater factor in distribution of virus in the soil than the irrigation itself. To simulate the effect of rainfall, poliovirus was applied to cores in the effluent, with 500 ml of effluent, and then eluted with 200 ml of distilled water. Very small amounts of virus VOL. 31, 1976 on June 16, 2017 by guest http://aem.asm.org/ Downloaded from were detected in effluent passing through the cores, but amounts in excess of 5% of the total applied were common in the water eluates. Using a similar elution regimen, a series of cores was loaded with amounts of poliovirus ranging from 3.0 x 106 to 1.6 x 108 PFU. The percentage of virions applied passing through cores was variable but did not differ as a function of the 3 E 2 0 number of particles applied. Results are shown in Table 2 .
If the water eluent was increased to 500 ml, elution of about 15% of the total virus applied was common and occasionally levels of elution exceeding 20% were observed. The pattern of changp in ionic strength of the eluates was shown to be linked closely with the pattern of Table 3 . Some virus flow occurs as 500 ml of dechlorinated final effluent passes through a core, but most virions can be seen to remain in the top 2-cm layer. As distilled water intermittently percolates through the cores, virions are released and migrate through the soil. Although a significant amount of-virus remains in the top 2 cm, the side distribution and secondary viral peaks seen in the lower core levels as well as increased viral recovery in core eluates all indicate that virions are being released continually throughout the cores in a process related to the ion-exchange equilibria of the system. Total recovery of poliovirus from cores and eluates ranged from about 56 to 76%.
As ion-exchange phenomena were considered to be of primary importance in virus migration, final effluent adjusted to several different pH values was used as eluent. After 500 ml of the effluent had passed through the cores, 250 ml of distilled water was applied. At low pH (5.5), retention of the virus in cores is seen with both final effluent and the subsequent water loadings. At high pH (9.0), enhanced virus release is obtained both with the effluent and the water eluents. These data appear in Table 4 .
Poliovirus survival and subsequent migration was monitored at 4 and 20 C for 84 days. As most of the virions remain in the top centimeter of the cores under the loading conditions used, the level of poliovirus recovered per gram in the top centimeter by elution with tryptose phosphate broth was considered the primary indicator of survival. Samples from the 10th cm and from eluates, while also reflecting survival, were primarily indicators of virus movement.
Poliovirus survival in soil cores and in effluent in which the virus was applied is summarized in Fig. 4 . Not surprisingly, survival at 4 C was greatly prolonged over that at 20 C. At 4 C, the reduction in recovery of infectious poliovirus in 84 days was less than 90%. At 20 C, a 5 log,,, reduction in virus recovery was observed in the first centimeter of the cores during the 84 days.
Movement of poliovirus through the cores after periods of survival in the soil is shown in Table 5 . Virus recovery at a 10-cm depth, expressed as a percentage of that recovered in the top centimeter of the cores, ranged from 0.1 to 0.6% throughout the 84-day period at 4 C and until virus levels were below the limits of detectability at 20 C. Virus recoveries in eluates a Core sections taken at 2-cm intervals were mixed well, and virus was eluted from 5-g samples with tryptose phosphate broth. The remaining soil was dried and weighed to permit calculation of viral recoveries as PFU/2-cm section.
b Viral distribution after the application of poliovirus in 20 ml of effluent as core inoculum. a At the times indicated after the initial inoculation of soil cores with poliovirus on day 0, a 250-ml volume of distilled water was passed through each core. The cores then were dismantled, and 5-g soil samples were taken at the specified depths. Virions were eluted from the soil as previously described. (8, 14) . Our study suggests that during the survival period of poliovirus in this soil there is no apparent change in the ability of the virus to migrate.
Although we have used simulations controlling some of the variables found in nature such as temperature fluctuations, lateral flow, lower virus levels, and less extreme loading regimens, there is no reason to think that the migration and survival phenomena we have observed in the laboratory are in essence different from those occurring in the field. Recent field studies are consistent with and supportive of our data.
